ABSTRACT The injection performance of the piezoelectric micro-jet is mainly determined by the acoustic characteristics created in the cavity by the vibration of the piezoelectric vibrator. As sensors are difficult to be placed into the cavity of the piezoelectric micro-jet, the inside acoustic characteristics are hard to be tested by experiments. Thus, an acoustic-structure coupling model is given, and simulation analyses are carried out in this paper to study a piezoelectric micro-jet used for lubricating. The suitable working frequency for getting better lubricating performance is obtained by the frequency response characteristics analyses. The driving mechanism is revealed by comparing with the injection results. The influences of excitations on the acoustic pressure at the nozzle part are analyzed, and the methods for adjusting the working performance are obtained. The acoustic structure coupling model and results are verified by comparing with the experiment results.
I. INTRODUCTION
Piezoelectric actuators have been widely used in fields requiring precise actuation due to their high precision and quick response [1] - [3] . The piezoelectric micro-jet is a kind of device which is based on piezoelectric actuation and can achieve the requirement of drop on demand. Nowadays, it is wildly applied to many industrial fields, such as rapid prototyping [4] - [8] , medical treatment [9] , [10] , biology [11] , [12] , sensors [13] , [14] , etc. The working stages of the piezoelectric micro-jet can be divided into driving stage and ejecting stage. The acoustic pressure waves are created and propagate during driving stage which mainly involves acoustic structure coupling. The droplets are formed and ejected out during injection stage, which mainly involves two phase flow coupling. In order to obtain the influences of structure sizes and bubbles on the injection performance, the acoustic structure coupling characteristics of piezoelectric micro-jet are mainly studied by experiments, simulations or self-sensing measurements [15] - [20] . The two phase flow coupling characteristics are mainly analyzed based on experiments and fluid dynamics simulations, by which the effects of excitation on the droplet forming process can be obtained [21] - [24] . The injection performance of piezoelectric micro-jet depends on the driving characteristics inside the cavity. By analyzing the acoustic characteristics in the cavity, the driving mechanism can be revealed and the method to control the injection performance during the driving stage can be obtained.
In general, the shell of the piezoelectric is non transparent and the sensor is not easy to be placed in the cavity. Thus, it is limited to study the acoustic structure coupling characteristics inside the cavity by experiments. For using the method of self-sensing measurement, complex decoupling calculations are required. Therefore, simulations are usually simple, effective and most commonly used research method. At present, analyses generally focused on the nozzle part [25] - [28] , but the bidirectional coupling effects between piezoelectric vibrator and fluid is often neglected, which can reduce the accuracy of calculation. Thus, for analyzing the driving state of piezoelectric micro-jet, bidirectional acoustic structure coupling analyses should be carried out.
In our previous work, a piezoelectric micro-jet used for bearing lubricating was designed, the influences of excitations on the formation and motion of ejected droplets are were analyzed, and the method for controlling the performance of ejecting stage were given [14] . In order to reveal the driving mechanism of the designed piezoelectric micro-jet and obtain the method for controlling the injection performance during the driving stage, the acoustic structure coupling characteristics of the piezoelectric micro-jet are analyzed in this work. As the cavity is filled with lubricating oil and the shell is made of non-transparent metal material, an acoustic structure coupling model, which is universal for general piezoelectric micro-jet, is given. The frequency response characteristics of the piezoelectric micro-jet are analyzed based on this model, and the frequency of excitation pulse for getting better working performance is obtained. The influences of amplitude and duty ratio of pulse voltage on the nozzle pressure are analyzed, and the method to control the injection performance during the driving stage is given. By comparing the obtained coupling results with the dynamics results of droplet which are obtained in our previous work, the driving mechanism of the piezoelectric micro-jet is revealed. Experiments are carried out to verify the feasibility of the coupling model.
II. ACOUSTIC STRUCTURE MODEL
The working principle of the piezoelectric micro-jet is described as shown in Fig.1 . When pulse voltages are applied on the piezoelectric vibrator, the piezoelectric vibrator vibrates and the acoustic pressure waves are created in the cavity. The created pressure waves propagate through the fluid in the cavity and can be reflected at the inside wall surface of the cavity. Then the droplet is ejected by the superposition pressure waves propagating to the nozzle. 
A. BOUNDARY CONDITION
The acoustic pressure waves, which are created by the vibrations of piezoelectric vibrator, propagate through the fluid in the cavity. When pressure waves propagate to the wall of the cavity, the reflection and refraction of the waves are created. When pressure waves propagate in a two-dimensional plane, the reflection and refraction state of the waves can be described as shown in Fig.2 , where the left field of the solid line is the inner side of the cavity, the right field is the wall of the cavity, and the dotted line is the normal direction of the interface. θ i , θ r and θ t are the incident angle, reflection angle and refraction angle, respectively.
The incident acoustic pressure wave can be expressed as:
where x, y are the coordinate values in the two-dimensional plane, p i is the acoustic pressure of the incident acoustic wave, f is the frequency of the acoustic wave, c 0 is the sound velocity of the acoustic wave inside the cavity, p ia is the acoustic pressure amplitude of the incident acoustic wave. The reflection acoustic pressure wave can be expressed as:
where p r is the acoustic pressure of the reflection acoustic wave, p ra is the acoustic pressure amplitude of the reflection acoustic wave. Thus, the acoustic wave inside the cavity is the superposition of the incident and reflected waves:
where p in is the acoustic pressure inside the cavity. The refraction acoustic pressure wave can be expressed as:
where p t is the acoustic pressure of the refraction acoustic wave, p ta is the acoustic pressure amplitude of the refraction acoustic wave, c 0 is the sound velocity of the acoustic wave into the shell. Acoustic pressure balance should be satisfied at the interface:
Thus, the equation of acoustic pressure balance at the interface can be described as:
Based on the momentum conservation equation, the equation of the normal acceleration of fluid at the interface can be described as:
where, v n is the normal velocity of fluid at the interface, {v} is the velocity vector of fluid, {n} is the normal unit vector, η is the hydrodynamic viscosity coefficient of the ejected fluid, ρ 0 is the density of the fluid, c 0 is the sound velocity of the acoustic wave in fluid.
B. COUPLING MODEL
For piezoelectric micro-jet ejecting viscous fluid, the acoustic wave equation can be described as [29] :
By combining the acoustic wave equation with the boundary condition equations, the acoustic finite element simulation model is obtained: Combining with the equation of motion, the acoustic structure model for simulation can be described as: In this work, the pressure balances and acceleration at the boundary are obtained based on Eq.(6) and Eq. (7), the acoustic characteristics inside the cavity are studied based on Eq.(9), the acoustic structure coupling between the vibrator and fluid is studied based on Eq.(10). It can be seen from Fig.1 that the incident and reflection acoustic waves propagate inside the cavity. In order to improve the utilization rate of vibration energy, large magnitude of the reflection wave is required. From Eq.(6), it can be seen that the magnitude of reflection wave is closely related to its amplitude and the phase difference between incident wave and refraction wave. The phase difference is depended on the material of the cavity, thus, when the cavity strength meets the requirements, the material that can achieve total reflection should be chosen based on Eq. (6) . As the amplitude of the reflection wave is mainly related to the excitation signal, the influences of the excitation parameters on the working performance of the piezoelectric micro-jet are analyzed in this work. Due to the difficulties to obtain the analytical solution, the finite element analysis software ANSYS (ANSYS, Inc) is used in this work to carry on the numerical simulations.
III. FREQUENCY RESPONSE CHARACTERISTIC ANALYSIS
In our previous work, the formation and motion statuses of the droplet are mainly studied, but how to determine the working frequency of the piezoelectric micro-jet used for lubricating is not done. The schematic diagram and finite element model of the piezoelectric micro-jet used for lubricating are shown in Fig.3 and Fig.4 , respectively, where blue arrows represent the oil supply path. The piezoelectric vibrator is made by gluing the piezoelectric ceramic onto the copper film. The inner ring of the vibrator is fixed and the outer ring is connected with the sealed elastic film. When pulse voltages are applied on the piezoelectric vibrator, the oil droplets are ejected out of the nozzle and move to the target bearings. FLUID30 is selected as the element type of the oil. The piezoelectric ceramic and the copper film are modeled with SOLID226 and SOLID185 respectively. The acoustic impedance of the outer surface of the liquid is set as 17.1×10 6 kg·m −2 · s −1 which depend on the outermost shell (whose material is aluminum) of the micro-jet. The acoustic impedance at the nozzle is set as 400 kg·m −2 · s −1 which depend on the properties of the air. The acoustic impedances of the material can be obtained through relevant reference [30] . The density, elasticity modulus and Poisson ratio of the copper film are 7. Based on the acoustic structure coupling analysis, the working frequency can be obtained. When the cavity of the piezoelectric micro-jet is filled with lubricating oil, the first four order modes is shown in Fig.5 , and the frequency response characteristic curve of pressure at the nozzle is shown in Fig.5 .
As shown in Fig.3 , four nozzles are designed on the piezoelectric micro-jet for uniform lubrication. Based on the results shown in Fig.5 , oil droplet can be ejected from four nozzles when the vibrator works in the first mode. When the vibrator works in other modes, the vibration shapes are asymmetrical which will cause the fluid in the cavity to move in a circumferential direction and energy loss is created. As we can see form Fig.6 , the frequency corresponding to the peak point of the curve is the frequency of the first mode, and the nozzle pressures when the vibrator works in other modes are relatively low. Thus, the first mode with the frequency of 141 Hz should be selected as the working mode of the vibrator.
IV. TRANSIENT ANALYSIS
When pulse square waves with amplitude as 200V and duty ratio as 0.5 are applied on the piezoelectric vibrator, the change curves of the nozzle pressure various with different frequencies in one period are shown in Fig.7 , where T is expressed as the pulse period. It can be seen that when excitation with relative low frequency is applied, the pressure wave propagating to the nozzle presents fluctuation state which will cause the energy loss of acoustic pressure wave. With the increase of the frequency value, the pressure fluctuation gradually decreases and tends to be smooth. It also can be seen that, the absolute value of the peak of negative pressure at the nozzle increases first and then decreases, and the maximum value occurs when the frequency is 140 Hz (first mode). Comparing with the results of [14] , we can see that the absolute value of the peak of negative pressure affects the reflux strength of oil when the droplet is detached from the nozzle. The greater the reflux intensity is, the easier the droplet is ejected from the nozzle. Based on the results from Fig.5, Fig.6 and Fig.7 , the working frequency of the piezoelectric vibrator should be 141 Hz. When pulse square waves with duty ratio as 0.5 and frequency as 141 Hz are applied on the piezoelectric vibrator, the change curves of the nozzle pressure various with different wave amplitudes are shown in Fig.8 , where V m represents the amplitude of the pulse voltage. It can be seen that, the sudden changes of nozzle pressure occur in the stages of switching pulse voltage levels (switch low/high level to high/low level). The reason is that, when the pulse voltages level switches, the piezoelectric vibrator creates rapid deformation, which results in the rapid change of the nozzle pressure. We can also see that, the amplitude of the pulse voltage influences little on the change trend of the nozzle pressure, while the peak value of the nozzle pressure increases along with the increase of the wave amplitude. Thus, the injection intensity of the piezoelectric micro-jet can be controlled by adjusting the amplitude of the pulse voltage.
When pulse square waves with amplitude as 200V and frequency as 141 Hz are applied on the piezoelectric vibrator, the change curves of the nozzle pressure various with different wave duty ratios are shown in Fig.9 , where α represents the duty ratio. It can be seen that the influences of the duty ratio on the nozzle pressure is mainly created after the level of the pulse voltage changing from high to low. With the increase of the duty ratio, the time taken for the nozzle pressure to reach the peak of the negative pressure increases, which is consistent with the time when the level of the excitation changes from high to low. Comparing with the results of [15] , we can see that due to the suddenly occurred negative pressure at the nozzle which is resulted by the excitation level changing, reflux of the oil, which is connected with the forming droplet and inside the cavity, is created. While, under the action of the inertial force, the formed droplet continue moves outside the nozzle. Then, the reflux effect and the inertial force make the droplet be ejected out of the nozzle. Besides, the absolute value of the peak of negative pressure increases along with the increase of duty ratio, which means that when the injection intensity meets the requirements, the response rate can be increased by reducing the duty ratio.
V. EXPERIMENTS
As it is difficult to test the acoustic characteristics inside the cavity which is filled with lubricating oil, here we only verify the influences of amplitude of the pulse voltage on the injection performance. The experimental setup details can be found in [14] .
When excitations with duty ratio as 0.5 and frequency as 141Hz are applied on the piezoelectric vibrator, the injection VOLUME 6, 2018 statuses of the piezoelectric micro-jet various with different wave amplitude are shown in Fig.10 .
It can be seen that with the increase of the amplitude the injection intensity increase gradually. Comparing the test results with the acoustic structure results, the acoustic structure model and simulation results are verified to be effective.
VI. CONCLUSIONS
In order to study the acoustic structure coupling characteristics of general piezoelectric micro-jet, the acoustic structure model is given. Based on the developed model, a piezoelectric micro-jet used for lubricating is studied, and the working frequency for obtained better performance is given. The influences of the excitation parameters are analyzed, and the methods to control the working performance in the driving stage are given. By comparing with the results of previous work, the driving mechanism is obtained: the droplet is ejected out by the joint action of the inertial force and the reflux of fluid; the inertial force is created by the excitation when excitation changing to high level; the reflux of the fluid is created due to the suddenly occurred negative pressure created when excitation changing to low level. 
